The Jinchang gold-copper deposit is located in Eastern Heilongjiang Province, Northeastern China. The orebody comprises primarily hydrothermal breccias, quartz veins, and disseminated ores within granite, diorite, and granodiorite. Three paragenetic stages are identified: early quartz-pyrite-arsenopyrite (Stage 1), quartz-pyrite-chalcopyrite (Stage 2), and late quartz-pyrite-galena-sphalerite (Stage 3). Gold was deposited during all three stages and Stage 1 was the major gold-producing stage. Copper is associated with the mineralization but has low economic value. Fluid inclusions (FIs) within the deposit are liquid-rich aqueous, vapor-rich aqueous, and daughter-mineral-bearing types. Microthermometric data for the FIs reveal decreasing homogenization temperatures (T h ) and salinities of the ore-forming fluids over time. The T h for Stages 1-3 of the mineralization are 421-479, 363-408, and 296-347 • C, respectively. Stage 1 fluids in vapor-rich and daughter-mineral-bearing inclusions have salinities of 5.7-8.7 and 49.8-54.4 wt% NaCl equivalent, respectively. Stage 2 fluids in vapor-rich, liquid-rich, and daughter-mineral-bearing inclusions have salinities of 1.2-5.4, 9.5-16.0, and 43.3-48.3 wt% NaCl, respectively. Stage 3 fluids in liquid-rich and daughter-mineral-bearing inclusions have salinities of 7.9-12.6 and 38.3-42.0 wt% NaCl equivalent, respectively. The estimated trapping pressures are 160-220 bar, corresponding to an entrapment depth of 1.6-1.2 km in the paleo-water table. Oxygen and hydrogen isotope data (δ 18 O V-SMOW = 8.6 to 11.4 ; δD V-SMOW = −92.2 to −72.1 ) suggest that the ore-forming fluids were derived from magmatic fluids during the early stages of mineralization and subsequently incorporated meteoric water during the late stages. The sulfide minerals have δ 34 S VCDT values of 0.2 -3.5 , suggesting that the sulfur has a magmatic origin. The Jinchang deposit is a typical gold-rich gold-copper porphyry deposit.
Introduction
Most metallic ore deposits are associated with hydrothermal fluids. The genesis of the deposits is closely related to the temperature, pressure, and composition of the hydrothermal fluid. Different types of deposits form in different geological environments, and their fluid inclusion (FI) characteristics also differ [1] [2] [3] . Therefore, FIs can be used to identify the deposit type. For example, most orogenic gold deposits contain low-salinity H 2 O-CO 2 inclusions [4] , whereas porphyry copper deposits are characterized by high-salinity daughter-mineral-bearing and vapor-rich inclusions [5] . Epithermal deposits are typically characterized by low-salinity aqueous inclusions [6, 7] , but the FIs of Mississippi Valley-type deposits are generally higher in salinity, do not contain daughter minerals, and belong [19] . (B) Regional geological sketch map (after Zhang et al. [19] . Ages of igneous rocks are annotated on the map).
Ore Deposit Geology
The strata exposed in the mining area are the Middle-Upper Jurassic Tuntianying Group. The lithologies include andesite, basaltic andesite, andesitic porphyry, and tuff, which are mainly restricted to the southeastern parts of the mineralized domain ( Figure 2 ).
The dominant structures are NW-SE-and NE-SW-trending faults, along with secondary E-W- [19] . (B) Regional geological sketch map (after Zhang et al. [19] . Ages of igneous rocks are annotated on the map).
The dominant structures are NW-SE-and NE-SW-trending faults, along with secondary E-Wand N-S-trending faults. The intersections of these early structures provided fluid transportation channels that led to brecciation. Ring fractures, radial fractures, and dome structures (Figure 2 ), all caused by magma intrusion (granodiorite) concealed in the central part of the ore field, control the spatial distribution of the vein-type orebodies. The dominant structures are NW-SE-and NE-SW-trending faults, along with secondary E-Wand N-S-trending faults. The intersections of these early structures provided fluid transportation channels that led to brecciation. Ring fractures, radial fractures, and dome structures (Figure 2 ), all caused by magma intrusion (granodiorite) concealed in the central part of the ore field, control the spatial distribution of the vein-type orebodies.
Tectonomagmatism occurred frequently from the late Indosinian to late Yanshanian, and the resulting igneous rocks formed during six stages. The oldest of these rocks is a large diorite stock in the middle of the deposit, which yields a U-Pb age of 209 ± 1.4 Ma [23] . A separate graphic granite stock with a U-Pb age of 202.1 ± 3.0 Ma [24] is situated in the northern part of the deposit. The largest of the intrusions, an Early Jurassic granite stock in the southern part of the deposit, has a U-Pb age of 192.1 ± 5.8 Ma [25] . Dioritic porphyry dikes that yield a U-Pb age of 127.9 ± 2.6 Ma [26] and granite porphyry dikes that have a U-Pb age of 109 ± 2.4 Ma [27] are scattered throughout the ore field. A concealed granodiorite stock beneath ring and radial fractures has a U-Pb age of 106.8 ± 2.0 Ma [28] .
Mineralization Characteristics
There are three types of orebody in the Jinchang mine ( Figure 2 ): breccia-hosted ore (No. J-0, J-1, J-8, J-9, J-10, J-11, J-14, and J-17 pipes), ring/radial-fault-controlled veins (No. II, III, VII, and VIII vein swarms), and disseminated ore (No. 18 orebody), which account for 41%, 39%, and 20% of total gold production, respectively.
The breccia pipes occur at fault intersections. Eight large breccia pipes are presently documented, extending in a rough line from east to west, controlled by a major NW-SE-trending fault (Figure 2 ). The breccia pipes have an elliptical shape in plan view and are approximately columnar in section view, plunging towards the NE or SE at 65 • -85 • . Breccia-hosted orebodies occur in these pipes ( Figure 3A) . The ore host rock is composed mainly of matrix and breccia ( Figure 4A,B) . The breccia consists of clasts of diorite, granite, and diorite and granite porphyries that are lenticular or angular in shape. The matrix consists of sulfide and alteration minerals. The proportions of sulfides and alteration minerals in the matrix are 10%-30% and 70%-90%, respectively. These breccia-hosted orebodies are 46-100 m long and 3.9-23.4 m wide, and contain 3.3-20.9 g/t Au.
porphyry dikes that have a U-Pb age of 109 ± 2.4 Ma [27] are scattered throughout the ore field. A concealed granodiorite stock beneath ring and radial fractures has a U-Pb age of 106.8 ± 2.0 Ma [28] .
The breccia pipes occur at fault intersections. Eight large breccia pipes are presently documented, extending in a rough line from east to west, controlled by a major NW-SE-trending fault (Figure 2 ). The breccia pipes have an elliptical shape in plan view and are approximately columnar in section view, plunging towards the NE or SE at 65°-85°. Breccia-hosted orebodies occur in these pipes ( Figure 3A) . The ore host rock is composed mainly of matrix and breccia ( Figure 4A,B) . The breccia consists of clasts of diorite, granite, and diorite and granite porphyries that are lenticular or angular in shape. The matrix consists of sulfide and alteration minerals. The proportions of sulfides and alteration minerals in the matrix are 10%-30% and 70%-90%, respectively. These breccia-hosted orebodies are 46-100 m long and 3.9-23.4 m wide, and contain 3.3-20.9 g/t Au. [19] . (C) Alteration patterns of disseminated orebody [19] . (D) Alteration patterns of vein-type orebody [19] . [19] . (C) Alteration patterns of disseminated orebody [19] . (D) Alteration patterns of vein-type orebody [19] .
( Figure 3A) .
The hypogene minerals are pyrite, chalcopyrite, galena, sphalerite, and arsenopyrite, as well as minor molybdenite, chalcocite, bornite, and gold. The supergene minerals are azurite, malachite and limonite. The gangue minerals comprise quartz, sericite, K-feldspar, epidote, chlorite, kaolinite, and calcite ( Figure 4; Figure 5 ). Gold occurs primarily within pyrite and quartz as crystal interface gold, crack gold, or inclusion gold ( Figure 5B ). quartz-pyrite-chalcopyrite veinlet; (F) fault-controlled orebody; and (G,H) quartz-pyrite-galena-(sphalerite) vein. Abbreviations: Brec, breccia; Qz, quartz; Py, pyrite; Ccp, chalcopyrite; Gn, galena; Sp, sphalerite.
Alteration of the wall-rock is pervasive and characterized by potassic, phyllic, argillic, and propylitic alteration, similar to porphyry deposit systems elsewhere [29] . Potassic alteration is extensive and is dominant in the mine, as indicated by the pervasive development of K-feldspar, biotite, and quartz. The potassic alteration is overprinted by later stages of alteration (e.g., phyllic). The phyllic alteration assemblage consists of quartz, sericite, and pyrite. Plagioclase is completely or The disseminated orebodies occur below the ring faults, concentrated mainly in intensively altered granitic wall-rock ( Figure 3A ). The orebodies, delineated according to the gold grade (>3.0 g/t), are lenticular or layered. These orebodies are characterized by veinlets and stockworks ( Figure 4D ,E), which are generally 300-800 m long and 0.6-7.9 m wide, and have a grade of 3.2-15.8 g/t Au.
The vein-type orebodies are hosted in ring and radial faults, and consist mostly of gold-bearing quartz-sulfide veins ( Figure 4F-H) . The ring structure is 1 km in diameter and dips outward at 40 • -50 • . The radial faults are perpendicular to the ring fault around the dome structure. The vein-type orebodies are 220-1600 m long and 0.2-3.2 m wide and have a grade of 3.7-22.2 g/t Au ( Figure 3A) .
The hypogene minerals are pyrite, chalcopyrite, galena, sphalerite, and arsenopyrite, as well as minor molybdenite, chalcocite, bornite, and gold. The supergene minerals are azurite, malachite and limonite. The gangue minerals comprise quartz, sericite, K-feldspar, epidote, chlorite, kaolinite, and calcite (Figures 4 and 5) . Gold occurs primarily within pyrite and quartz as crystal interface gold, crack gold, or inclusion gold ( Figure 5B ).
finally to propylitic [19, 20] (Figure 3C ). The economic ores in the No. 18 orebody occur mainly in phyllic alteration zones. For vein-type orebodies, with increasing distance from the orebody the wall-rock has been affected by potassic, phyllic, and subsequently argillic alteration, although the boundaries between these domains are gradational [19, 20] (Figure 3D ). Based on the paragenetic sequences ( Figure 6 ) and cross-cutting relationships, three stages of mineralization are identified. The hydrothermal veins of each stage are as follows. Stage 1 mineralization is the most important ore-forming stage and occurs primarily within the breccia-hosted ore. This stage involved the deposition of abundant native gold within the matrix of the breccia-hosted ore. The mineral assemblage associated with this stage is milky white quartz, pyrite, and subordinate arsenopyrite, K-feldspar, and sericite. Pyrite is the most abundant ore mineral, commonly occurring as coarse-grained euhedral crystals within the matrix ( Figure 5A ). The Alteration of the wall-rock is pervasive and characterized by potassic, phyllic, argillic, and propylitic alteration, similar to porphyry deposit systems elsewhere [29] . Potassic alteration is extensive and is dominant in the mine, as indicated by the pervasive development of K-feldspar, biotite, and quartz. The potassic alteration is overprinted by later stages of alteration (e.g., phyllic). The phyllic alteration assemblage consists of quartz, sericite, and pyrite. Plagioclase is completely or partially altered to sericite. The argillic alteration is locally controlled by fractures and characterized by kaolinite and montmorillonite. Argillic alteration overprints the phyllic and potassic alteration assemblages. Propylitic alteration assemblages are characterized by epidote, chlorite, calcite, and quartz, which replaced plagioclase and mafic minerals. The alteration zones are different around the three types of orebody. For breccia-hosted orebodies, potassic and phyllic alteration are observed adjacent to the mineralized breccia pipe, whereas argillic and propylitic alteration occurs farther from the mineralized domain, in the outermost part of the northern breccia pipe [19, 20] (Figure 3B ). For disseminated orebodies, from depth to surface, the alteration varies from potassic to phyllic, and finally to propylitic [19, 20] (Figure 3C ). The economic ores in the No. 18 orebody occur mainly in phyllic alteration zones. For vein-type orebodies, with increasing distance from the orebody the wall-rock has been affected by potassic, phyllic, and subsequently argillic alteration, although the boundaries between these domains are gradational [19, 20] (Figure 3D ). Based on the paragenetic mineralization is widespread and resulted in the development of quartz-pyrite-chalcopyrite veins ( Figure 4D,E) . The Stage 2 mineral assemblage includes molybdenite, chalcocite, bornite, azurite, gold, chlorite, and epidote ( Figure 5C,D) . The dominant ore-forming mineral is chalcopyrite, which occurs as anhedral crystals intergrown with pyrite. The quartz-pyrite-chalcopyrite veins of this stage cross-cut the breccia-hosted ore ( Figure 4C ).
Stage 3 mineralization produced quartz-pyrite-galena-sphalerite veins of limited distribution ( Figure 5E ,F). These veins are observed to cross-cut the quartz-pyrite-chalcopyrite veins of Stage 2, indicating that they formed during the latter part of ore genesis. The Stage 3 veins contain minor gold, and the mineral assemblage includes chlorite, epidote, kaolinite, and calcite. 
Timing of Metallogenesis
The metallogenic age of the gold is controversial, and previous dating results range from 129 to 100 Ma [9, 19, 30, 31] . However, the granodiorite concealed under the No. 18 orebody is considered the intrusive body most likely to have generated the mineralization and has yielded a U-Pb age of 106.8 ± 2.0 Ma (MSWD = 0.65; N = 20) [28] . The granodiorite belongs to the calc-alkaline series, and I-type granitoids are thought to form in a volcanic arc environment [28] . The age of mineralization should be slightly younger, or similar to, the age of the igneous rocks. The newest radiometric age data for pyrite minerals, using the Re-Os method, give an isochron age of 102 Ma [18] . The geochronological data demonstrate that magmatism and hydrothermal activity were contemporaneous, which suggests that the granodiorite played an important role in gold mineralization. Sericite and pyrite from altered granite in drill holes ZK14 and ZK04 in the No. 18 orebody yield a Rb-Sr age of 104 ± 6 Ma [19] . This alteration is considered to reflect the initial stage of mineralization in the deposit. Based on the evidence presented above, we suggest that the Jinchang deposit mineralization occurred at ca. 102 Ma.
Sample Selection and Analytical Methods
Samples for analysis were collected mainly from drill holes (ZKE01, ZK1001, ZK1523, ZK14, ZK0303, ZK2303, ZK0902, and ZK1315) and an underground mining tunnel (30 m level, middle section) in the Jinchang deposit ( Figure 3 ). Stage 1 mineralization is the most important ore-forming stage and occurs primarily within the breccia-hosted ore. This stage involved the deposition of abundant native gold within the matrix of the breccia-hosted ore. The mineral assemblage associated with this stage is milky white quartz, pyrite, and subordinate arsenopyrite, K-feldspar, and sericite. Pyrite is the most abundant ore mineral, commonly occurring as coarse-grained euhedral crystals within the matrix ( Figure 5A ). The quartz grains are heterogeneous in size and show no preferential growth orientation. Stage 2 mineralization is widespread and resulted in the development of quartz-pyrite-chalcopyrite veins ( Figure 4D ,E). The Stage 2 mineral assemblage includes molybdenite, chalcocite, bornite, azurite, gold, chlorite, and epidote ( Figure 5C ,D). The dominant ore-forming mineral is chalcopyrite, which occurs as anhedral crystals intergrown with pyrite. The quartz-pyrite-chalcopyrite veins of this stage cross-cut the breccia-hosted ore ( Figure 4C ).
Stage 3 mineralization produced quartz-pyrite-galena-sphalerite veins of limited distribution ( Figure 5E ,F). These veins are observed to cross-cut the quartz-pyrite-chalcopyrite veins of Stage 2, indicating that they formed during the latter part of ore genesis. The Stage 3 veins contain minor gold, and the mineral assemblage includes chlorite, epidote, kaolinite, and calcite.
Timing of Metallogenesis
Sample Selection and Analytical Methods
Samples for analysis were collected mainly from drill holes (ZKE01, ZK1001, ZK1523, ZK14, ZK0303, ZK2303, ZK0902, and ZK1315) and an underground mining tunnel (30 m level, middle section) in the Jinchang deposit ( Figure 3 ).
Fluid Inclusions
The three generations of quartz are representative of Stages 1-3 of the mineralization. This ore-stage quartz occurs mainly in association with pyrite and chalcopyrite, and commonly coexists with other metallic minerals, indicating that the formation of the quartz and sulfide minerals was coeval.
Forty-five samples of quartz were polished to a thickness of 0.20-0.25 mm, soaked in acetone for 3-4 h, rinsed with clean water, and dried thoroughly. FI petrography involved careful observation of the shapes, spatial distribution, genetic and composition types, and vapor/liquid ratios. Twenty samples with abundant and representative FIs were selected for microthermometric measurements.
FI analysis was undertaken at the Geological Fluid Laboratory, College of Earth Science, Jilin University, Changchun, China, using the FIA methodology of Goldstein and Reynolds [32] . Petrography was undertaken with an Olympus BX-50 microscope (Olympus Corporation, Tokyo, Japan). Microthermometry was undertaken using a Linkam THMS600 heating-freezing stage (Linkam Scientific Instruments Ltd, Tadworth, UK) with a temperature range of −196 to 600 • C. The accuracy of the measured temperatures is ±0.1 • C for temperatures of <31 • C and ±0.2 • C for temperatures of >300 • C. The salinities of the liquid-rich NaCl-H 2 O FIs were calculated using the final melting temperatures of ice with the equation of Bodnar [33] . Salinities of the daughter-mineral-bearing inclusions were estimated using the data and methodology of Bodnar and Vityk [34] .
H-O-S Isotopes
Quartz, pyrite, chalcopyrite, and galena grains of the different ore-forming stages were handpicked from crushed and sieved (40-60 mesh) samples under a binocular microscope (purity > 99%). Hydrogen, oxygen, and sulfur analyses were undertaken with a MAT253 mass spectrometer (Thermo Finnigan, Silicon Valley, CA, USA) at the Analytical Laboratory in the Beijing Research Institute of Uranium Geology, China National Nuclear Corporation, Beijing, China.
Oxygen isotope analysis was conducted on 10-20 mg of quartz using the bromine pentafluoride method of Clayton and Mayeda [35] , with oxygen converted to CO 2 on a platinum-coated carbon rod. The H isotopic composition of water within the FIs was determined by decrepitation. The water was reduced to H 2 by passing over a uranium-metal-bearing tube and transferred to the mass spectrometer. The results are reported relative to Vienna Standard Mean Ocean Water (VSMOW), and the analytical precisions are ±0.2 for δ 18 O and ±2 for δD. Stage 1-3 sulfide samples were analyzed for S isotopes. The sulfides were reacted with Cu 2 O until transformation into pure SO 2 [36] . The results are reported as δ 34 S relative to Vienna Canyon Diablo Troilite (VCDT), and the analytical precision is ±0.2 . The analysis of isotopes was carried out in a closed environment. External heating and the decrepitation of inclusions did not affect the isotope measurements. The analyzed samples were carefully selected, and the primary inclusions were dominant in the quartz grains, whereas secondary inclusions were minor.
Results

Fluid Inclusion Petrography
FIs in Stage 1-3 quartz grains were analyzed using microthermometry. The criteria of Roedder [2] and Hollister and Burruss [37] were used to distinguish the different generations of FIs in the hydrothermal quartz. Primary, pseudo-secondary, and secondary FIs were observed. Primary inclusions are distributed randomly and along the growth zones of the crystals. The pseudo-secondary inclusions occur as trails in healed fractures, which do not cut grain boundaries. The planes of secondary inclusions cross-cut the mineral grains. Each cluster or group of inclusions along the growth bands is considered to represent a separate FI assemblage (FIA) [32, 38] . These secondary inclusions were not analyzed using microthermometry, as it is possible that they formed late relative to the mineralization.
Three major types of inclusion were revealed based on phase assemblages at room temperature (21 • C): daughter-mineral-bearing (S-type), vapor-rich aqueous (V-type), and liquid-rich aqueous (LV-type) ( Figure 7 ).
S-type FIs comprise a vapor bubble, liquid phase, and one or more daughter minerals in crystalline form at room temperature. These inclusions are subdivided into two sub-types. S 1 -type inclusions contain several daughter minerals with a specific shape that account for 30%-70% of the total volume of the inclusion. The crystalline inclusions are multi-sided and 10-40 µm in size, and contain vapor bubbles that account for 15%-50% of the total volume. Rarely, opaque daughter minerals occur within the inclusions and are considered to be metallic minerals. Primary S 1 -type inclusions are abundant in Stage 1, rarely observed in Stage 2, and absent from Stage 3 quartz. S 2 -type inclusions contain only one daughter mineral with a cubic or globular form, which is identified as NaCl or KCl. The inclusions typically exhibit a diamond, elliptical, or sub-rounded shape and are 6-35 µm in size. Vapor bubbles account for 10%-25% of the total volume of the inclusions. These inclusions are ubiquitous in Stage 1-3 quartz from the Jinchang deposit, typically occurring as planar arrays within the growth bands of the quartz grains. Primary S 2 -type inclusions commonly coexist with V-type FIs in quartz of Stages 1-2.
V-type FIs comprise a single vapor phase or a liquid with a vapor bubble that accounts for 60%-95% of the total volume. These FIs are typically elliptical to sub-rounded in shape and 10-30 µm in size. V-type FIs are not observed in Stage 3 quartz, but they occur in both isolation and as clusters in Stage 1-2 quartz.
LV-type FIs comprise a vapor bubble and liquid phase at room temperature. These FIs are typically rectangular or elliptical and 8-20 µm in size. The vapor bubbles account for 10%-30% of the total volume. LV-type FIs are not observed in Stage 1 quartz. They occur primarily as clusters along the growth bands of Stages 2 and 3 quartz grains, but are more abundant in the latter stage.
Microthermometry
The results of microthermometry analyses of >190 FIs and 20 FIAs are presented in Table 1 . Primary and pseudo-secondary FIs of >5 µm in size, with a regular crystal shape and without evidence of necking, were chosen for microthermometry. Only a few V-type FIs could be analyzed, owing to their low vapor-to-liquid ratio. The salinity of S 1 -type inclusions could not be analyzed because of the variable melting temperatures of the daughter minerals and the inability to measure salinity accurately. Histograms of the T h and salinities of the different FI types in quartz crystals of Stages 1-3 are presented in Figure 8 .
Three major types of inclusion were revealed based on phase assemblages at room temperature (21 °C (Figure 7) . S-type FIs comprise a vapor bubble, liquid phase, and one or more daughter minerals in crystalline form at room temperature. These inclusions are subdivided into two sub-types. S1-type inclusions contain several daughter minerals with a specific shape that account for 30%-70% of the total volume of the inclusion. The crystalline inclusions are multi-sided and 10-40 µm in size, and Upon heating, the first change observed in S1-type inclusions was the dissolution of the daughter minerals. Total homogenization of the FIs to a single phase typically occurred at 447-479 °C, although in a few instances both transparent and opaque sulfide daughter minerals remained unaffected at temperatures up to 600 °C. S2-type FIs were homogenized via three homogenization modes during heating. In the first mode, the vapor phase disappeared and then the daughter minerals dissolved. In the second mode, the daughter minerals dissolved, followed by the vapor phase. In the third mode, the vapor phase and daughter minerals disappeared simultaneously. The third homogenization mode is considered the most important. Ultimately, the FIs were homogenized to a single liquid phase at 431-469 °C. The daughter minerals within the inclusions dissolved at temperatures of 421-459 °C and yielded salinities of 49.8-54.4 wt% NaCl. The final ice-melting temperatures of the V-type FIs range between −5.6 and −3.8 °C, corresponding to Upon heating, the first change observed in S 1 -type inclusions was the dissolution of the daughter minerals. Total homogenization of the FIs to a single phase typically occurred at 447-479 • C, although in a few instances both transparent and opaque sulfide daughter minerals remained unaffected at temperatures up to 600 • C. S 2 -type FIs were homogenized via three homogenization modes during heating. In the first mode, the vapor phase disappeared and then the daughter minerals dissolved. In the second mode, the daughter minerals dissolved, followed by the vapor phase. In the third mode, the vapor phase and daughter minerals disappeared simultaneously. The third homogenization mode is considered the most important. Ultimately, the FIs were homogenized to a single liquid phase 
Oxygen and Hydrogen Isotope Analysis
Sulfur Isotope Analysis
Sulfur isotope analysis was undertaken on pyrite, chalcopyrite, and galena from the Jinchang orebody. All data are reported as δ 34 S VCDT values. Sulfide minerals from different structural levels of the deposit have δ 34 S VCDT values between 0.2 and 3.5 (Table 3) , which are consistent with previously published data [9, 14, 40] . The mean isotopic composition of sulfur in the ore-forming fluid (δ 34 S ∑S ) was 1.0 -2.5 , as calculated from the δ 34 S sulfide values of sulfide minerals and the sulfide-H 2 S fractionation factor of Ohmoto [41] . 
Discussion
Fluid Boiling and Pressure Estimates
The Jinchang deposit shows evidence of fluid boiling, which is a type of fluid immiscibility [42] . First, the abundance of V-type FIs in Stages 1−2 indicates significant volumes of the vapor phase during fluid trapping. Second, co-occurring LV-and S-type FIs were found to homogenize at similar temperatures, indicating that they were trapped simultaneously and, therefore, represent a boiling FIA. Partitioning of fluid into vapor-rich and high-salinity fluids was caused by the boiling of parental magmatic fluid. Third, most S 2 -type FIs are homogenized by the simultaneous disappearance of the vapor phase and daughter minerals.
The T h of the boiling FIA are close to quartz crystallization temperatures and are similar to the temperatures of ore formation in the Jinchang deposit. Trapping pressures can be estimated using the lowest (or lower) T h and salinities of the boiling FIA (LV-and S 2 -types) in Stages 1-2, and by using the isobar equations of Hedenquist et al. [43] and Redmond et al. [44] . However, S 2 -type FIs that homogenized by halite disappearance are excluded from this calculation, as they were not trapped from boiling fluids [45, 46] . These FIs might have re-equilibrated under higher pressures. A lack of evidence of fluid boiling from the Stage 3 quartz crystals allows only the minimum trapping temperatures and pressures of the late ore-forming fluids to be estimated [47] .
The estimated trapping pressures for the coexisting LV-and S 2 -type inclusions of Stages 1-2 are 160-220 bar ( Figure 9 ). The mineralized domains have distinct boundaries with the surrounding rocks, indicating that mineralization took place under hydrostatic pressures [43, 48] . Assuming hydrostatic pressure, these results suggest that the mineralization occurred mainly at depths of 1.6-2.2 km. 
Source and Evolution of the Hydrothermal Fluid
FI microthermometric data, combined with the different types of inclusion in quartz of Stages 1-3 in the Jinchang deposit, highlight distinct changes in the hydrothermal system over time. These observations suggest that at least two types of fluid with contrasting temperature and salinity were present in the ore-forming system. The likelihood of fluids from different sources coexisting in a single hydrothermal system can be investigated using O and H isotopes. Pressure estimates for fluid inclusions in the Jinchang deposit (adapted from Hedenquist et al. [43] and Redmond et al. [44] ).
FI microthermometric data, combined with the different types of inclusion in quartz of Stages 1-3 in the Jinchang deposit, highlight distinct changes in the hydrothermal system over time. These observations suggest that at least two types of fluid with contrasting temperature and salinity were present in the ore-forming system. The likelihood of fluids from different sources coexisting in a single hydrothermal system can be investigated using O and H isotopes.
Data for Stage 1 samples plot in the field of primary magmatic water on the δD versus δ 18 O diagram in Figure 10 , suggesting that the ore-forming fluid of the main gold mineralization stage was predominantly magmatic in origin, with no addition of meteoric water. Figure 9 . Pressure estimates for fluid inclusions in the Jinchang deposit (adapted from Hedenquist et al. [43] and Redmond et al. [44] ).
Data for Stage 1 samples plot in the field of primary magmatic water on the δD versus δ 18 O diagram in Figure 10 , suggesting that the ore-forming fluid of the main gold mineralization stage was predominantly magmatic in origin, with no addition of meteoric water. [49] , Alberta Basin [50] , and Californian Tertiary geothermal brines [51] . The fields for metamorphic and primary magmatic waters are from Taylor [52] . Data used to derive a present-day meteoric water line for China are from Chen and Wang [53] . This inference is supported by the abundance of S1-and V-type inclusions, their high Th (>421 °C), and absence of LV-type FIs. Raman spectroscopy and scanning electron microscope analysis indicate the presence of a wide range of daughter minerals within S1-type inclusions, including NaCl, KCl, quartz, feldspar, pyrite, chalcopyrite, etc. [11, 54] . The presence of melt (silicate) and fluid phases in a single inclusion indicates it is typical of a fluid-melt inclusion [55] [56] [57] . The fluid-melt inclusions represent the intermediate process of silicate melt being converted to a saline solution, and these [49] , Alberta Basin [50] , and Californian Tertiary geothermal brines [51] . The fields for metamorphic and primary magmatic waters are from Taylor [52] . Data used to derive a present-day meteoric water line for China are from Chen and Wang [53] . This inference is supported by the abundance of S 1 -and V-type inclusions, their high T h (>421 • C), and absence of LV-type FIs. Raman spectroscopy and scanning electron microscope analysis indicate the presence of a wide range of daughter minerals within S 1 -type inclusions, including NaCl, KCl, quartz, feldspar, pyrite, chalcopyrite, etc. [11, 54] . The presence of melt (silicate) and fluid phases in a single inclusion indicates it is typical of a fluid-melt inclusion [55] [56] [57] . The fluid-melt inclusions represent the intermediate process of silicate melt being converted to a saline solution, and these inclusions have properties that are transitional between those of melt and solution [58] . A cooling and/or decompressing magma will become saturated with respect to an aqueous phase once it reaches the limit of water solubility in the silicate melt, resulting in exsolution of a metal-and volatile-bearing aqueous fluid phase. Saline magmatic fluids, which can attain extremely high concentrations of transition metals, have clear ore-forming potential. These fluids have metal budgets derived almost entirely from their parental magma [59] . When physico-chemical conditions have attained equilibrium (e.g., pressure, temperature, fluid composition, fluid-melt partition coefficients), the potential of a magma to exsolve a more-or-less metal-rich fluid depends primarily on the initial metal concentration in the silicate melt: the richer the magma in metals, the richer the exsolved fluid in metals. As such, the presence of metallic daughter minerals in Stage 1 quartz indicates that the parental magma contained abundant metals. From the above, we suggest that the early ore-forming fluids were hyperthermal magmatic-hydrothermal transitional fluids. In contrast to Stage 1 and 2 samples, the O-H isotope data for Stage 3 quartz define a clear trend towards the meteoric water line (Figure 10 ). Only S 2 -and abundant LV-type FIs are observed in Stage 3 samples, suggesting a low-temperature ore-forming fluid. These features might reflect increasing contributions of meteoric water over time. The Stage 3 inclusions are predominantly liquid-rich FIs with a variable vapor-to-liquid ratio, but also include rare halite-bearing FIs. This observation is consistent with late-stage interaction between a highly evolved magma and meteoric water. Collectively, the O-H isotope data for the fluids of the Jinchang deposit suggest that the ore fluids were originally derived from exsolved fluids during the magmatic-hydrothermal transition. The ore fluids were subsequently diluted by meteoric water during the final stage of mineralization. The trend of the data parallel to the basinal water lines provides further evidence of mixing.
He-Ar isotopic compositions also provide clues to the fluid source. The FIs in pyrite crystals yielded 3 He/ 4 He ratios of 0.13-2.42 and 40 Ar/ 36 Ar ratios of 308.9-336.7 [60] , indicating that the ore-forming fluids of the Jinchang deposit were a mixture of crust-and mantle-derived fluids. These fluids were subsequently contaminated by meteoric water.
Source of Ore-Forming Materials
Sulfur isotopes are an important tool for determining the source of metals in ore deposits [11, [61] [62] [63] . Previous studies have reported that the δ 34 SCDT composition of pyrite in the Jinchang deposit ranges from 1.1 to 8.8 , with an average value of 3.5 (n = 38) [9, 14, 40] . These values are consistent with sulfur being derived from a deep-seated magma source ( Figure 11 ). values of magmatic-hydrothermal deposits (-3‰ to 3‰) [63, 66] , suggesting that mantle-derived materials contributed to the mineralization. Figure 11 . Histogram of S isotopic compositions for the Jinchang deposit and existing S isotopic data from Jia et al. [9] , Mu et al. [14] , and Li et al. [40] .
Lead isotopes provide additional constraints on the source of metals in ore deposits [66, 67] . A compilation of data for sulfide minerals from the Jinchang deposit yields 206 [9, 14] . These data indicate that the sulfide minerals are enriched in uranogenic Pb and depleted in thorogenic Pb. The majority of Pb isotope data for the sulfides cluster between the orogenic and mantle growth curves on the uranogenic plot ( Figure 12A ). The thorogenic plot in Figure 12B shows that the Pb isotope data for the ore sulfides plot close to the orogenic growth line. We interpret these data to reflect a hybrid crustal-mantle source for the Pb. Existing Pb isotope data for non-mineralized wall-rock in the region [14] are consistent with the composition of ore sulfides from the Jinchang deposit ( Figure 12A,B) , which Figure 11 . Histogram of S isotopic compositions for the Jinchang deposit and existing S isotopic data from Jia et al. [9] , Mu et al. [14] , and Li et al. [40] .
In the present study, the δ 34 S values of sulfides in the Jinchang deposit have a narrow range (0.2 -3.5 ; n = 12; Figure 11 ). The Stage 1-3 mineral assemblages lack oxidized phases and sulfate minerals, suggesting that the sulfur present in the hydrothermal fluid was in a reduced form and consequently that the fluid had a low SO 4 2− /H 2 S ratio [64] . The dominant form of sulfur species was, therefore, H 2 S, which implies that δ 34 S H2S = δ 34 S fluid . The δ 34 S VCDT values of H 2 S (δ 34 S H2S ) in equilibrium with the sulfide minerals were estimated from the δ 34 S VCDT values of the sulfides and the mineralization temperatures, using the formula of Ohmoto and Goldhaber [65] (A × [9, 14] . These data indicate that the sulfide minerals are enriched in uranogenic Pb and depleted in thorogenic Pb. The majority of Pb isotope data for the sulfides cluster between the orogenic and mantle growth curves on the uranogenic plot ( Figure 12A ). The thorogenic plot in Figure 12B shows that the Pb isotope data for the ore sulfides plot close to the orogenic growth line. We interpret these data to reflect a hybrid crustal-mantle source for the Pb. Existing Pb isotope data for non-mineralized wall-rock in the region [14] are consistent with the composition of ore sulfides from the Jinchang deposit ( Figure 12A,B) , which suggests that the wall-rock and ore sulfides have a similar Pb source.
values of magmatic-hydrothermal deposits (-3‰ to 3‰) [63, 66] , suggesting that mantle-derived materials contributed to the mineralization. Figure 11 . Histogram of S isotopic compositions for the Jinchang deposit and existing S isotopic data from Jia et al. [9] , Mu et al. [14] , and Li et al. [40] .
Lead isotopes provide additional constraints on the source of metals in ore deposits [66, 67] [9, 14] . These data indicate that the sulfide minerals are enriched in uranogenic Pb and depleted in thorogenic Pb. The majority of Pb isotope data for the sulfides cluster between the orogenic and mantle growth curves on the uranogenic plot ( Figure 12A ). The thorogenic plot in Figure 12B shows that the Pb isotope data for the ore sulfides plot close to the orogenic growth line. We interpret these data to reflect a hybrid crustal-mantle source for the Pb. Existing Pb isotope data for non-mineralized wall-rock in the region [14] are consistent with the composition of ore sulfides from the Jinchang deposit ( Figure 12A,B) , which suggests that the wall-rock and ore sulfides have a similar Pb source. [67] . Lead isotope data are from Mu et al. [14] .
The Re-Os isotopic compositions of 15 pyrite samples from breccia, vein, and stockwork mineralization yield Re concentrations of 1185-10,475 ppt and Os concentrations of 3-15 ppt. The 187 Re/ 188 Os ratios range from 3527 to 42,853, and the initial 187 Os/ 188 Os ratio ranges from 0.04 to 0.60 [18] , indicating that the ore-forming materials were a mixture of crust-and mantle-derived fluids.
Based on the S, Pb, O-H, He-Ar, and Re-Os isotope data presented above, we suggest that the ore constituents and hydrothermal fluids of the Jinchang deposit were derived from a mixture of crust and mantle sources.
Genesis and Metallogenic Model for the Jinchang Deposit
The study area forms part of the Pacific Ocean tectonic domain, and mineralization of the Jinchang deposit occurred during the Early Cretaceous [18] . During this period, the Izanagi Plate was being subducted beneath the Eurasian Plate. Deep subduction of the Izanagi Plate resulted in progressive metamorphism of the oceanic crust, releasing large amounts of fluid that led to partial melting of the mantle wedge ( Figure 13A ). FI microthermometry data and H-O-S compositions for the Jinchang deposit suggest that the ore-forming fluids and metals were derived from magmas. These magmas, generated by partial melting of a mantle wedge and injected into, or contaminated by, the lower crust during upwelling, were crucial to the formation of the deposit. The magmas released volatiles into the upper crust, generating gold-rich fluids. The close spatial association between orebodies and brittle faults and breccias also indicates that the faults and breccias acted as pathways for the upward flow of deep-seated ore-forming fluids. A magmatic origin is further supported by the broadly similar ages of Au mineralization and magmatism [28] .
187 Re/ 188 Os ratios range from 3527 to 42,853, and the initial 187 Os/ 188 Os ratio ranges from 0.04 to 0.60 [18] , indicating that the ore-forming materials were a mixture of crust-and mantle-derived fluids.
The study area forms part of the Pacific Ocean tectonic domain, and mineralization of the Jinchang deposit occurred during the Early Cretaceous [18] . During this period, the Izanagi Plate was being subducted beneath the Eurasian Plate. Deep subduction of the Izanagi Plate resulted in progressive metamorphism of the oceanic crust, releasing large amounts of fluid that led to partial melting of the mantle wedge ( Figure 13A ). FI microthermometry data and H-O-S compositions for the Jinchang deposit suggest that the ore-forming fluids and metals were derived from magmas. These magmas, generated by partial melting of a mantle wedge and injected into, or contaminated by, the lower crust during upwelling, were crucial to the formation of the deposit. The magmas released volatiles into the upper crust, generating gold-rich fluids. The close spatial association between orebodies and brittle faults and breccias also indicates that the faults and breccias acted as pathways for the upward flow of deep-seated ore-forming fluids. A magmatic origin is further supported by the broadly similar ages of Au mineralization and magmatism [28] . The early intrusive magmas (209-192 Ma) were viscous, and clogged the magma pathways. This impeded the upwelling of subsequent magmas (106 Ma; granodiorite) and transport of ore-bearing hydrothermal fluids. The temperature and pressure would have gradually increased, resulting in The early intrusive magmas (209-192 Ma) were viscous, and clogged the magma pathways. This impeded the upwelling of subsequent magmas (106 Ma; granodiorite) and transport of ore-bearing hydrothermal fluids. The temperature and pressure would have gradually increased, resulting in crypto-explosions and the formation of dome structures and ring faults. Instantaneous depressurization of the system would have changed the properties of the ore-forming fluids, thereby initiating the ore-forming process ( Figure 13B ). Ore precipitation was controlled by cooling and decompression, as fluids were expelled from lithostatic conditions in the magma to hydrostatic conditions closer to the surface, where they interacted with meteoric water to variable degrees [69, 70] . Our results also show that low-temperature, meteoric fluids mixed with the deeply sourced magmatic fluids at Jinchang. The upwelling magma provided heat that might have driven the circulation of meteoric fluids. The meteoric fluid could have leached certain ore metals from the surrounding country rock and carried them into the ore-forming system.
Localized depressurization, fluid boiling, and fluid mixing in the Jinchang area led to the breakdown of metal-ligand complexes and precipitation of metallic minerals. William and Bowell [71] proposed two modes of Au migration and precipitation that are represented by the following equations: 
Fluid boiling reduces the pressure of the system, leading to a decrease in the solubility of metal complexes and the precipitation of metallic minerals [72] . During this process, some of the acidic volatile components (e.g., CO 2 , HCl) are lost, increasing the pH of the solution and thereby accelerating the decomposition of metal complexes and the precipitation of gold [72] . The incorporation of meteoric water may cause the temperature of the mineralizing fluid to drop sharply, leading to a decrease in the solubility of metal complexes and the precipitation of gold. Meteoric water will also decrease the concentrations of HS − , Cl − and H + in the system, accelerating the reaction and promoting the precipitation of gold.
Extensional structures that formed in the upper crust provided channels for the transport of mineralizing fluids and sites for the precipitation of metallogenic materials. Fluid boiling produces a large amount of volatiles. When the fluid pressure exceeded the pressure of the overlying rocks, crypto-explosions, and fractures occurred. The drop in fluid pressure following upward extension of the fracture, in turn, results in increased effervescence of the magma at depth, increased energy release, and increased rate of gas streaming, all of which may lead to rafting of wall-rock fragments hundreds of meters upward and thereby forming the breccia pipe mineralization [73] . Disseminated mineralization mainly occurred within the phyllic alteration zone adjacent to the granodiorite. Magma intrusion caused ring and radial faults to form around the magma dome, creating space for hydrothermal migration and fault-controlled vein mineralization.
Taking into consideration the ore geology, degree of alteration, types and properties of FIs, and source of ore-forming fluids and materials, we consider that the Jinchang deposit is a typical gold-rich Au-Cu porphyry deposit. 
Conclusions
